Abstract-Water-jet technology has been used recently in medical applications including surgery, soft tissue resection, bone cutting, and wound debridement. The ability to measure the depth of cut of water-jet is important in these applications to selectively cut the desired tissue, and avoid damage to deeper layers. For fracture-directed water-jet steerable needles, one should be able to predict the depth of cut of water-jet in order to model the motion of the steerable needle. In this paper, the effect of tissue stiffness, water-jet flow rate, and nozzle diameter on depth of cut is studied experimentally and verified by finite element modeling. It is found that the depth of cut of waterjet has a direct relationship with flow rate, and an inverse relationship with elastic modulus of the tissue, and diameter of the needle. The proposed finite element model can predict the depth of cut with acceptable accuracy.
I. INTRODUCTION
Water-jet has already been used in several industrial applications such as mining, cutting materials, drilling, and cleaning. Recently, this technology has been used in medical applications [1] such as in surgery for dissection of organs [2] , [3] , dentistry, bone cutting [4] , and wound debridement [5] . The advantages of using water-jet as a cutting tool are its precision, speed, and it can be as effective as a laser cutter without the thermal damage to surrounding tissues. Waterjet also washes away the blood during surgery, and decreases bleeding [6] . These advantages made water-jet an appealing method for medical applications.
Measuring depth of cut of water-jet is important from medical applications point of view. For example, in surgical applications using water-jet, selective cutting is a must. In other words, water-jet should cut the desired layer and should not go further [7] . For instance, in order for the optimal performance of the Versajet water-jet surgical tool in treating the different depth face and neck burns, the depth of debridement should be controlled [8] . 1 In this paper, the effect of tissue stiffness, needle diameter, and flow rate of water-jet on depth of cut of water-jet needle has been studied experimentally. A finite element model is also developed to predict the depth of cut. Predicting depth of cut is the first step to model the motion of fracturedirected water-jet steerable needles [9] . In water-jet steerable needles, the needle has a fixed angle nozzle that can cut a small channel at an angle in the tissue while running the pump at specific flow rate. The pump will be turned off, and the needle will be inserted equally to the depth of cut channel. Because of the difference in bending stiffnesses of the needle and the tissue, as well as the elastic equilibrium between the needle and the tissue, the needle will bend. This process continues until the needle can be steered in the tissue. Modeling the motion of the steerable needle requires that we predict the depth of cut channel and thus how far the needle should be pushed into the tissue. Fig. 1 shows an example of before, and after of an experiment to measure the cut depth. Fig. 1 . Definition of depth of cut for a water-jet needle [9] .
II. MATERIALS AND METHODS

A. Soft Tissue Substitute Preparation and Compressive Tests
Due to the difficulties associated with using, storing, and imaging of real biological tissues, different researchers have utilized substitute materials for experiments that can provide an average approximation of the soft tissue [10] , [11] , [12] , [13] , [14] . Gelatin, rubbers, leather, silicone elastomers, PVA, and lard are among common materials for tissue mimicking simulants [10] . The mechanical properties of water-based tissue simulants such as gelatin can be changed with respect to time, temperature, and humidity change.
In this paper we have used Poly (styrene-b-ethyleneco-butylene-b-styrene) triblock copolymer (SEBS), Kraton Polymers LLC (G1650, and G1652, Houston, TX, USA) as the main material for soft tissue simulants. Having a non-aqueous solvent (light mineral oil) makes SEBS a more environmentally stable substitute for water-based hydrogels with increased operational temperature ranges, and shelf life. One major advantage of soft tissue simulants made out of SEBS is that they are optically clear, which is desirable from imaging point of view. The stiffness of SEBS can be easily changed by altering the polymer content to make tissues with low Young's moduli and high fracture toughnesses similar to biological tissues. SEBS has also low friction (due to oil solvent) than other materials with low Young's moduli such as silicone rubbers.
To make the tissue simulants, SEBS material and mineral oil are weighed out to produce mixtures with 10, 15, and 20 vol% SEBS. To calculate the necessary weight, the densities of SEBS, and mineral oil are considered to be ρ SEBS = 0.91 g cm 3 , and ρ oil = 0.85 g cm 3 , respectively. The mixture is then put in the oven at 150 o C for about 2 to 8 hours based on the percentage of SEBS, and it was mixed from time to time to get a homogeneous solution without any undissolved powder. After this time, the solution is degassed to eliminate any air bubbles trapped in the solution. The solution is then poured into rectangular molds of the dimensions 100×100× 50 mm sprayed with mold release, and then let cool down to room temperature and solidify before releasing from the molds.
The static compression tests were conducted with an Instron 600DX machine. All the samples were molded to have a same diameter of 30 mm and thickness of 10 mm. In the tests, the samples were compressed between two parallel metal plates with a same strain rate of 
B. Experimental Setup and Measurement of Depth of Cut of Water-jet in Soft Tissue Simulants
The experimental setup used for all experiments is depicted in Fig. 2 . A linear actuator is used to drive the needle with the velocity of insertion of 1 mm s approximately 1cm into the soft tissue simulant. A high pressure pump (PR-class Dual Piston, PR100PFT3D, Scientific Systems Inc., State College, PA, USA) provides a constant volumetric flow rate (up to 100 mL min ) and when run, water-jet needle will cut a channel in front of it in the tissue. After about 30 seconds, the camera takes a photo and the photo will be processed in image processing software to measure the depth of cut of water-jet. 3D-printed custom-designed box along with suction canister, and a vacuum pump are used to collect the water sprayed back during experiments. ! ! Fig. 2 . Experimental setup of the water-jet needle system to measure the depth of cut of water-jet.
For the water-jet needle, first a piece of Nitinol tube is cut to a length of 52.8 mm. Next, the Nitinol tube is soldered inside the copper tube of 45 mm length with inner diameter of ID = 0.94 mm, and outer diameter OD = 1.59 mm. Finally, the copper tubing is attached to the ferruled reducer and then to the water pump via PEEK tubing (ID = 1.58 mm, and OD = 3.2 mm). Two needles were manufactured with two different diameters to study the effect of diameter of the needle on depth of cut. The first needle has Nitinol tube with ID = 0.32 mm, and OD = 0.58 mm, and the Nitinol tube of the second needle has ID = 0.24 mm, and OD = 0.33 mm. Fig. 3 shows the first designed needle (the second needle is the same only with a different diameter Nitinol tube). To measure the depth of cut of water-jet in SEBS tissue, the pump is turned on with the specific flow rate and the water-jet needle is inserted into soft tissue about 1 cm using the linear actuator and with velocity of insertion of 1 mm s . This will ensure that the excess water will be sprayed back and will not be trapped in the channel to cause ballooning in the tissue. When the needle is inserted 1 cm into the tissue, the pump will be turned off and turned on again to ensure maximum depth of cut. After 30 seconds, and using the overhead high-resolution camera and the control software, a photo is taken and saved for further processing. For better visibility, edible food dye was added to the water. To study the effects of tissue stiffness, needle diameter, and flow rate on cut depth, 3 different tissue stiffnesses (10 %, 15 %, and 20 % G1650 SEBS), 2 different needle diameters (first needle: ID = 0.32 mm, OD = 0.58 mm, and second needle: ID = 0.24 mm, OD = 0.33 mm), and different flow rates up to 100 mL min are tested. To make sure that the data are statistically significant, 5 experiments are done for each flow rate and the average of them is taken as the cut depth. The photos are processed using a customized Matlab program that measures the depth of cut in front of the needle from the pixels of the photo based on the calibrated measurement provided by the ruler on the light-box.
C. Prediction of Depth of Cut of Water-jet using Finite Element Modeling
In order to have a predictive model for depth of cut of water-jet in tissue simulants, a finite element model was developed. Since a soft solid is interacting the liquid water, the case can be assumed to be a fluid-soft solid interaction.
Therefore, a system to analyze the fluid flow in the needle and a system to analyze the structural deformation of the soft solid should be deployed. Since the data from both systems are inter-dependent, both systems are coupled together to form an FSI (fluid-solid interaction) solver.
The flow regimes of water inside the needle can be either laminar or turbulent. The critical flow rate, which is the highest flow rate ( mL min ) to achieve laminar flow in the specific section of the tube can be calculated by the Equation 1.
In which, Re critical is the critical Reynolds number where flow transitions from laminar to turbulent and is considered to be Re critical = 2300, ρ, u, and d tube are the density In order to determine the depth of cut of water-jet in the finite element modeling, the solution algorithm depicted in CFX solver, and Transient Structural Solver in ANSYS will cater for the fluid flow section, and Structural domain of the above algorithm, respectively. Both solvers will share the geometry and the solution data from CFX to the Transient Structural. The tissue is modeled as a cube with the sides of In the CFX solver, the first layer thickness is r 38 for the mesh used in the laminar case. The first layer thickness is added as inflation, and the inner layers are meshed using Patch Conforming Tetra Mesh. For the boundary conditions, the water is set as the working material. The wall is considered as the wall of the needle and is assigned a free slip wall. The inlet, and outlet are assumed to be mass flow rate since the input and output flow rates are the same (the pump provides a constant flow rate). The Turbulent flow simulation is the same as laminar flow except Shear Stress Transport model is used, and for the boundary condition, the wall is considered as the wall of the needle and is assigned a no slip wall.
For the transient structural analysis, the pressure from the fluid flow analysis is imported into the structural solver. The needle penetrating into the soft tissue is meshed using a hex dominant mesh and the soft tissue is meshed using patch forming method. The quality obtained for hex dominant mesh is 0.85. In this mesh, 8792 nodes, and 5947 elements are used. The mesh used for the tissue simulant has a concentrated face mesh of size 1 × 10 −3 near the pressure loaded area to capture the deformation of the soft tissue. An average element quality of 0.82 was achieved which is well within the permissible limits (0.8 − 1) for the solution convergence. 62660 nodes, and 19451 elements are used. The soft tissue simulant is assumed to be an isotropic material with the properties of table I. The strain is considered to be small. The specimen is given the boundary conditions of a fixed support on all 4 sides and bottom, and the pressure is automatically updated in the outlet region.
III. RESULTS
In this section, results of the tests to measure the mechanical properties of SEBS, depth of cut of water-jet in soft tissue, and prediction of depth of cut with finite element modeling are provided. The mechanical properties of the SEBS tissue mimicking phantoms are summarized in table I. The Young's moduli of SEBS G1652 can be found from Equation 3, which we have derived from the log-log plot of the Young's modulus vs. polymer fraction figure presented in [10] . The measured stiffnesses are relevant to the stiffnesses of real biological tissues [15] .
A. Mechanical properties of SEBS based on Compressive tests
Young s modulus = c(Polymer f raction) m (3)
Where c = 4.6018 × 10 6 and m = 2.2234. The following results can be derived from these experimental results:
B. Depth of Cut of Water-jet in Soft Tissue Stimulants is a Function of Needle Diameter, Tissue Stiffness, and Velocity of Water-jet
• Depth of cut is almost a linear function of flow rate (Q pump ) when the width of the water-jet nozzle is sufficiently small. • The depth of cut is a function of flow rate (Q pump ), modulus of elasticity (E t ) of the tissue, and needle diameter (d n ). It has a direct relationship with flow rate, and inverse relationship with tissue stiffness and needle diameter:
• There is a minimum flow rate that the fracture in the tissue actually begins, and this flow rate is dependent on the stiffness of the tissue. As the tissue becomes stiffer, larger flow rate is required to cause fracture in the tissue.
• For smaller diameter needle, the minimum flow rate needed to cut is lower. This is likely due to the higher contact stress which leads to the earlier fracture of the tissue. The higher residual jet velocity associated with smaller needle diameter after the initial penetration also leads to larger depth of cut.
• For higher flow rates, water cuts more of the surrounding tissue, which is undesirable. For fracturedirected steerable needles [16] , larger depth of cut is not necessary and it is important that a small amount is cut and then the needle follows the path. 
C. Finite Element Model of Soft Tissue and Water-jet Needle Can Predict the Depth of Cut with Acceptable Accuracy
The solution is solved for a time-step size of 30s with a minimum step size of 0.5s. The obtained deformation is visualized using the total deformation tool to evaluate the depth of cut as required. Fig. 11 is an example of the output that shows that the deformation is interpreted as 3.5mm from the outlet of the needle. 
IV. DISCUSSION
In this paper, first an experimental analysis is conducted to study the effect of flow rate, tissue stiffness, and needle diameter on the depth of cut of water-jet needle. A finite element model is proposed to predict the depth of cut of water-jet needle in soft tissue.
This research is conducted as a part of the research on fracture-directed water-jet steerable needles, in which a water-jet needle with a fixed-angle nozzle is inserted in the tissue, and then the pump is turned on and the water-jet cuts a small channel at nozzle angle in front of the needle. The pump is turned off, and the needle follows the cut channel. Because of the elastic equilibrium between the needle and the tissue, and difference between the bending stiffnesses of the needle, and the tissue, the needle will bend. The pump will be turned on again and another channel will be cut at an angle. The pump will be turned off and the needle follows the cut channel. This process continues and causes the needle to steer in the tissue. Fig. 15 shows a schematic of this method. In order to model the motion of the needle, predicting the depth of cut in front of the needle is necessary. Fig. 15 . Schematic of fracture-directed water-jet steerable needles. In this method, the needle follows a small channel cut by water-jet in tissue. Due to the difference between the bending stiffnesses of needle and tissue, and the elastic equilibrium between needle, and tissue, the needle bends and can be steered by duty cycling the water-jet. The first step in order to model the motion of the water-jet needle is to predict the length of the channel cut in front of the water-jet that will be the input to the motion model.
In this paper, only the effect of tissue elastic modulus (E), flow rate (Q), and the needle diameter (D) on depth of cut is investigated. Another important property that plays a role here is fracture toughness of the tissue. In order to have an accurate model, fracture toughness should also be considered. Research is underway to study the effect of this parameter on the depth of cut. Furthermore, we only considered the elastic moduli of the tissues measured at low strain rate. However, water-jet cutting involves high strain rate response of the tissue. Incorporating the high strain rate properties of the soft tissue in the model is left for future research.
V. CONCLUSIONS AND FUTURE WORK
In this paper the effect of tissue stiffness, needle diameter, and flow rate on depth of cut of water-jet needle was investigated experimentally, and a finite-element based model was proposed for prediction. Experimental results showed that depth of cut has a direct relationship with flow rate, and an inverse relationship with elastic modulus of the tissue and needle diameter.
This study only considered the effect of elastic modulus of the tissue, diameter of the needle, and flow rate of water-jet on the depth of cut. It also did not consider the high strain response of the tissue, which is the case for water jet cutting soft tissue. Future research involves also taking into account the effect of fracture toughness of the tissue on depth of cut, and high strain rate response of the soft tissue. Predictive mechanics-based model for depth of cut as a function of tissue and needle properties based on the experimental, and finite element analysis is also under research.
